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Abstract 
In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
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1. Introduction 
Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge
of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 
On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 
Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 
In recent years, the Service Sector has received an increasing attention from both academics and practitioners. The transition from traditional 
manufacturing to service-oriented integrated syste s has given rise to the such called: “Servitisation Revol tion”, which today is a rel vant 
revenue generator. The definition of “Product-Service Systems (PSS)” calls for an expanded value creation system through the addition of 
competitive advantages based on value-added services to previous companies’ pure product offerings. These product-services bundled solutions 
have been recognized as being one of the most efficient techniques towards the achievement of resource-efficient and sustainable economies. 
PSS paradigm has grown beyond expectations, becoming a common term among publications of the most recognized academic journals and 
international conferences, and a highly discussed topic across a broad range of industrial sectors. However, recent trends based on scientific and 
grey literature suggest analysing the compatibility of PSS with other principles, methods and tools such as “circular” and “lean” thinking, which 
may help to enhance the intrinsic environmentally sustainability advantage that is refer at the first PSS definitions, but that has, unfortunately, 
faded through time. This p per analyses ow the PSS par digm can benefit from the “circular economy” a d “lean” principles. The followed
research methodology includ  a literature review, which aims to identify those principles, methods and tools which can help to modify each 
stage of a traditional PSS towards a Circular Lean PSS. Furthermore, a first Circular Lean PSS Design Framework is proposed and described. 
This framework is validated empirically through two case studies supported by two vessel-building companies. Further research is suggested to 
validate the proposed framework in different industries. 
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1.  Introduction 
Today’s manufacturing world has developed an increasing 
awareness towards creating sustainable solutions (e.g. products 
and product-services bundles) for the industrial and consumer 
markets. Thus, in the last decades, different organizations have 
considered relevant to challenge their “traditional” business 
models and develop new ones aligned with the everyday more 
demanded sustainability requirements for products by OEMs, 
consumers, and governments [1]. As a result, the exploration 
of the Product-Service Systems (PSS) paradig  has become a 
r leva t and com only discussed topic am ng organizations 
for this aim. This paradigm has grown beyond expectations, 
allowing the creation of new sustainable business models that 
attempt to fulfil users’ needs through dematerialization. Hence, 
PSS paradigm creates an outline for the sales of use of products,           
or results, instead of tangible products themselves [2]. This not 
only suggests the transition into a leasing society, but mainly           
a big change in consumers’ attitudes from products ownership 
to a service-orientation [1]. Simultaneously, a big-boom was 
experienced within th  environmental concerns of academics 
and practitioners afte  the European Commi sion pub ished            
the whitepaper: “Closing th  Loo  – An EU Action Plan for      
the Circular Economy”, at the end of 2015 [3]. 
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1.  Introduction 
Today’s manufacturing world has developed an increasing 
awareness towards creating sustainable solutions (e.g. products 
and product-services bundles) for the industrial and consumer 
markets. Thus, in the last decades, different organizations have 
considered relevant to challenge their “traditional” business 
models and dev lop new nes aligned with the veryday more 
demanded sustainability requirements for products by OEMs, 
consumers, and governments [1]. As a result, the exploration 
of the Product-Service Systems (PSS) paradigm has become a 
relevant and commonly discussed topic among organizations 
for this aim. This paradigm has grown beyond expectations, 
allowing the creation of new sustainable business models that 
attempt to fulfil users’ needs through dematerialization. Hence, 
PSS paradigm creates an outline for the sales of use of products,           
or results, instead of tangible products themselves [2]. This not 
only uggests the transition into a leasing society, b t mainly           
a big change in consumers’ attitudes from produ ts ownership 
to a service-orientation [1]. Simultaneously, a big-boom was 
experienced within the environmental concerns of academics 
and practitioners after the European Commission published             
the whitepaper: “Closing the Loop – An EU Action Plan for      
the Circular Economy”, at the end of 2015 [3]. 
420 Clarissa A. González Chávez  et al. / Procedia CIRP 83 (2019) 419–424
 / Procedia CIRP 00 (2019) 000–000  3 
For the literature review, the databases SCOPUS and Web 
of Science were explored through a keyword search explained 
in Fig. 1. The selected keywords for PSS included: “product 
service systems”, “product-service systems”, “productservice 
systems” and “servitisation”. The main findings from this 
literature review are described further in the next section. 
Additionally, the results obtained were synthetized in a 
framework proposal explained in Section 5.  
Integration Definition for Function Modelling (IDEF0) [17] 
was selected as modelling language to design this first attempt 
to develop a CLPSS Design Framework. This decision was 
taken based on the fundamental IDEF0 approach, which is               
the study of manufacturing process and business process of re-
engineering. This modelling and communication tool provides 
domain expertise involvement and simplifies decision-making 
processes through a logical flow procedure. These models are 
constantly created as one of the first tasks of any system 
development effort.  
 
 Fig. 1. Selected Keywords for the Literature Review 
4.  Main Findings from the Literature Review 
Since the first appearance of PSS term in literature, academia 
made huge efforts to define this innovative solution to migrate 
traditional manufacturing into services. Through this process, 
several definitions were provided for PSS; most of which are 
presented in the five most cited literature reviews on the topic: 
[1], [8]. [18-20], where popular definitions are addressed, some  
of which go back to the 90’s to analyse and visualise the whole 
evolution of the PSS concept through the years. 
In a next step, and after some research initiatives, which 
aimed to find synergies and compatibility aspects between PSS 
and Lean Thinking principles, four literature reviews came to 
try to synthetize those definitions generated. So is the case             
of additional work, where not only definitions and literature 
analysis are provided, but uniformization in the use of concepts              
is proposed and case studies are presented like in [21] to [24].  
However, there are still limited insights into a Circular Lean 
PSS vision, which was only defined recently through a call for 
research and proposed compatibility check in [4]. However,  
the provided working definition could be strengthened through 
industrial feedback to provide a more practical and applied point  
of reference. 
The main findings obtained through the literature review 
conducted are now presented in three categories: 
4.1  CLPSS Sustainability-Fostering Lifecycle Stages 
In recent literature, various authors claim that transformation 
from a regular revenue model to a sustainable PSS requires 
several considerations at the beginning of its lifecycle. This 
means to develop changes early during the PSS system design. 
Although different authors emphasize the need to consider 
every step of the PSS lifecycle, the Beginning of Lifecycle 
(BoL) is highlighted as decisions-taken stage that will require 
further monitoring. So it is the case of the plastic mould case 
study [25], which states that environmental aspects should be 
considered and prioritized since the beginning of the product 
design for the inclusion of recycled materials in order to             
close-loops. This study states that actions taken at this stage, 
could lead to desired dematerialization, which could also           
foster circularity through the production system. Regarding 
PSS design, some academics and practitioners express their 
concerns about the customer’s behaviour when testing use-
oriented PSS. So was the case of baby prams [26] and baby 
clothes [27], which showed that customers need diverse value 
propositions in order to compromise with the service supplier.  
Some designers have taken the leap of developing PSS 
where offerings are retained by customers for short periods of 
time. Previous case studies shoe what product-oriented PSS 
under short-period schemes, have not received proper care and 
usage recommendations have not been followed properly. This 
behaviour causes short revenue streams, where products need 
to be replaced constantly, leading the PSS business model to 
failure. 
The integration of “lean” into PSS design also shows a gap 
in literature. Some authors suggests that the thought that PSS  
is naturally more efficient in the use of resources, can lead to              
the so-called “servitisation paradox” [22]. 
4.2  CLPSS Design Enablers for Sustainability 
Recent research has developed a growing interest in PSS, 
mainly due to the promising sustainability advantages that            
it claims to provide to its adopters. To achieve the desired 
improvement in sustainability indicators, implementers should 
verify compatibility with their management capabilities, such 
as a strong ERP system (Enterprise Resource Planning) and 
data collection thorugh smart-sensing devices that support 
decision-making processes [28]. 
Recent literature suggests the use of quantitative tools to 
assess use-oriented and contract-based PSSs, and the effects on 
products costs and maintenance, such as on risk sharing in 
mining-haul truck tires [29]. Some of the papers found in              
the literature review state that there is a lack of literature              
in practical and systematic validation of PSS requirements             
and design frameworks, as most of the literature regarding  
Lean PSS provides state-of-the art analysis [30].  
Recently, some researchers suggest a shift in the “traditional” 
PSS, to an innovative PSS model where digitalization takes a 
bigger place in the picture. Through a higher involvement of 
digital technologies, benefits such as mechanical component 
simplification, evergreen design enhancement, remote services 
development, and a diminishment in the logistic requirements 
of physical goods could be achieved over task optimization and 
supply chain synchronization [31]. 
4.3  CLPSS Circularity-fostering elements 
The Circular Lean PSS vision aims to achieve closed-loop 
processes through “servitisation”, “lean principles”, and well-
understood “information” and “material flows”. Through the 
literature review, findings suggest that benefits can be obtained              
if there is a correct planning of material flows. This statement 
encourages the interaction of PSS designers/engineers with 
waste managers to benefit from their knowledge on raw 
material taxes and Extended Producer Responsibility (EPR) 
systems, in addition to other variations of material-flow 
management [32]. 
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However, there is still limited understanding around how to 
integrate the trend of PSS business models with the Circular 
Economy (CE) principles, and other principles also contributing 
towards more sustainable, resource-efficient business models 
and economies such as Lean Thinking (i.e. lean manufacturing 
and lean services). As an attempt to close this gap, a working 
definition for – Circular Lean Product-Service Systems – was 
recently proposed by [4], describing it as “a combination of a 
tangible circular product with intangible value-added service 
elements, and its related supporting closed-loop networks and 
infrastructure”. Here the authors proposed that it can lead to 
“dematerialization as result of a reduction in waste creation; all 
this as consequence of a restorative operational system that can 
satisfy customers’ needs by an extension of value streams”. 
This paper will address the benefits that could be found in                
the interactions of PSS business models with CE and Lean 
Thinking principles through the proposal of a Circular Lean 
PSS (CLPSS) Design Framework and its validation through 
two industrial case studies. 
2.  Theoretical Background 
2.1 Product-Service Systems 
The origin of the concept, Product-Service Systems (PSS), 
comes from the proposal of “servitisation” [5]. Servitization 
aims to explain the process of creating value, or value-adding 
through the addition of services to products. Some authors have 
stated that management literature suggests repetitively the idea   
of integrating services into manufacturing organizations [6]. 
One of the most accepted definitions for servitisation 
conceptualizes it as “a change process where manufacturing 
companies embrace service-orientation and/or develop more 
and better services, with the aim to satisfy their customers’ 
needs, achieve competitive advantages, and enhance the firm 
performance” [7]. This definition provides an explanation of 
the line-blurring phenomenon between products and services, 
which came as a consequence of how, since the 60’s industrial 
marketing literature suggested the introduction of system-
selling strategies [6]. 
Thru the evolution of this concept, the terms servitisation 
and PSS can be found in literature used indistinctly [8]. 
However, they are most commonly found in different contexts. 
PSS is usually referenced when there is major interest in the 
sustainability potentials of the offering, while the term 
servitisation is mostly used in a purely economic context [9]. 
Other authors support this perception of PSS by describing it 
as “a business innovation strategy offering a marketable mix  
of products and services jointly capable of fulfilling clients’ 
needs and/or wants – with higher added value and a smaller 
environmental impact as compared to an existing system or 
product” [10]. 
2.2 Circular Economy 
In 2015, Murray et al. [11] explained the lack of common 
agreement from different academics on the true origin of the 
Circular Economy concept. However, the understanding of this 
concept is relatable to different propositions, including those 
that use different terminology, such as: closed-loop economy. 
Their relevance lies in their common goal, which is to reduce 
environmental impact of production and ensure as least waste 
generation as possible through a product’s lifecycle. In this 
sense, Ellen MacArthur Foundation (EMF) defines  a Circular 
Business Model as a business model that allows the retention 
of a capital at its highest value over time and support 
enhancement of natural capital [12]. At the same time, it is 
explained that several business models might be required, and 
even overlapped in different stages of a product’s or asset’s 
lifecycle for value maximization.  
These type of business models have been linked with PSS 
business models due to the fact that they shift the responsibility 
related to the end of products’ lifecycles to their suppliers, thus 
supporting closed-loop industrial systems where materials are 
recovered, reused, and recycled [13]. Anyhow, there has been 
strong questioning towards the PSS international community, 
where its researchers’ argument that a panacea has been 
constructed around the fact that PSS business models can 
trigger a more sustainable development. This has caused a 
significant increase in the number of publications and case 
studies aiming to explain and demonstrate the specific path and 
design/engineering aspects that should be applied to achieve 
the desired sustainability objective. To successfully dissolve 
the idea of this false-environmental benefits, authors search            
for convergence with disciplines that analyse lifecycle 
management in terms of both products and services. In this 
way, a holistic solution will take into consideration every 
aspect of a system existence. 
2.3 Lean Thinking 
Lean Thinking, is a resource-efficient philosophy that can  
be applied to multiple organizations across every industrial 
sector [14]. It was originated early in the 1980’s through the 
increasing interest to improve product development processes 
through increased competitiveness, “doing more with less” [15]. 
At this point, researchers started to identify and rationalize  the 
diverse paradigms applied in Western Corporations and rapidly 
growing Japanese automotive market. Early works such as 
“The Machine that Changed the World” [16], worked towards 
the shaping of this philosophy and spread the field across all 
major industries.  
Considering the aim of this research work, it is necessary            
to define Lean Production by first examining its historical 
evolution and identifying the different perspectives that are 
commonly involved in its description. Currently, there are 
numerous academic and practitioner books and articles, yet 
academia still do not have a precise and agreed upon way              
of defining or measuring Lean Production [15] [16]. In the 
early 90’s, the Lean Manufacturing concept was viewed as              
an alternative to the traditional Ford manufacturing model. 
Therefore, Lean Manufacturing is commonly traced to the 
Toyota Production System (TPS) [14], which was pioneered  
by Japanese engineers Taiichi Ohno and Shigeo Shingo [16]. 
Lean Production is generally described from two points of 
view, either from i) a philosophical perspective related to 
guiding principles and overarching goals, or ii) from the 
practical perspective of a set of management practices [16]. 
This difference does not lead to disagreements, but does create 
conceptual challenges. 
3.  Research Methodology 
This research work consists of three stages: i) a literature 
review, ii) a framework proposal, and iii) two case studies.  
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The Circular Lean PSS vision aims to achieve closed-loop 
processes through “servitisation”, “lean principles”, and well-
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literature review, findings suggest that benefits can be obtained              
if there is a correct planning of material flows. This statement 
encourages the interaction of PSS designers/engineers with 
waste managers to benefit from their knowledge on raw 
material taxes and Extended Producer Responsibility (EPR) 
systems, in addition to other variations of material-flow 
management [32]. 
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However, there is still limited understanding around how to 
integrate the trend of PSS business models with the Circular 
Economy (CE) principles, and other principles also contributing 
towards more sustainable, resource-efficient business models 
and economies such as Lean Thinking (i.e. lean manufacturing 
and lean services). As an attempt to close this gap, a working 
definition for – Circular Lean Product-Service Systems – was 
recently proposed by [4], describing it as “a combination of a 
tangible circular product with intangible value-added service 
elements, and its related supporting closed-loop networks and 
infrastructure”. Here the authors proposed that it can lead to 
“dematerialization as result of a reduction in waste creation; all 
this as consequence of a restorative operational system that can 
satisfy customers’ needs by an extension of value streams”. 
This paper will address the benefits that could be found in                
the interactions of PSS business models with CE and Lean 
Thinking principles through the proposal of a Circular Lean 
PSS (CLPSS) Design Framework and its validation through 
two industrial case studies. 
2.  Theoretical Background 
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One of the most accepted definitions for servitisation 
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the line-blurring phenomenon between products and services, 
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of a capital at its highest value over time and support 
enhancement of natural capital [12]. At the same time, it is 
explained that several business models might be required, and 
even overlapped in different stages of a product’s or asset’s 
lifecycle for value maximization.  
These type of business models have been linked with PSS 
business models due to the fact that they shift the responsibility 
related to the end of products’ lifecycles to their suppliers, thus 
supporting closed-loop industrial systems where materials are 
recovered, reused, and recycled [13]. Anyhow, there has been 
strong questioning towards the PSS international community, 
where its researchers’ argument that a panacea has been 
constructed around the fact that PSS business models can 
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significant increase in the number of publications and case 
studies aiming to explain and demonstrate the specific path and 
design/engineering aspects that should be applied to achieve 
the desired sustainability objective. To successfully dissolve 
the idea of this false-environmental benefits, authors search            
for convergence with disciplines that analyse lifecycle 
management in terms of both products and services. In this 
way, a holistic solution will take into consideration every 
aspect of a system existence. 
2.3 Lean Thinking 
Lean Thinking, is a resource-efficient philosophy that can  
be applied to multiple organizations across every industrial 
sector [14]. It was originated early in the 1980’s through the 
increasing interest to improve product development processes 
through increased competitiveness, “doing more with less” [15]. 
At this point, researchers started to identify and rationalize  the 
diverse paradigms applied in Western Corporations and rapidly 
growing Japanese automotive market. Early works such as 
“The Machine that Changed the World” [16], worked towards 
the shaping of this philosophy and spread the field across all 
major industries.  
Considering the aim of this research work, it is necessary            
to define Lean Production by first examining its historical 
evolution and identifying the different perspectives that are 
commonly involved in its description. Currently, there are 
numerous academic and practitioner books and articles, yet 
academia still do not have a precise and agreed upon way              
of defining or measuring Lean Production [15] [16]. In the 
early 90’s, the Lean Manufacturing concept was viewed as              
an alternative to the traditional Ford manufacturing model. 
Therefore, Lean Manufacturing is commonly traced to the 
Toyota Production System (TPS) [14], which was pioneered  
by Japanese engineers Taiichi Ohno and Shigeo Shingo [16]. 
Lean Production is generally described from two points of 
view, either from i) a philosophical perspective related to 
guiding principles and overarching goals, or ii) from the 
practical perspective of a set of management practices [16]. 
This difference does not lead to disagreements, but does create 
conceptual challenges. 
3.  Research Methodology 
This research work consists of three stages: i) a literature 
review, ii) a framework proposal, and iii) two case studies.  
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LINCOLN project is designed and defined to meet business 
case and industrial needs to significantly innovate technologies 
and solutions known but not fully developed or adjusted to the 
sought business effects for European SMEs. Each LINCOLN 
business case (i.e. Hydrolift,  Super  Toys, Techno Pro, and 
Aresa) is approached through a series of on-site visits and 
interviews [35]. 
To validate the model proposal interviews were conducted 
with representatives from industrial partners Aresa, Supertoys 
and members of the team from Politecnico di Milano. Aresa              
is a company dedicated to the construction, repair, refit, 
maintenance, services and marketing of all types of commercial 
and military vessels, Supertoys works on the improvement of 
inflatable and fiberglass vessels. Both companies represent 
diversification on the business cases utilized by the LINCOLN 
project. 
6.1  CLPSS BoL 
The most relevant insights from this stage, include a strong 
requirement for customer involvement in the “Requirement 
Analysis and Design” step. Also, companies suggested that 
iterative communication loops would be beneficial. 
In the particular case of boat patrols, companies have not 
yet explored potential services, which could be incorporated           
to their product offerings. One of the main reasons is that                 
the idea of “vessel-as-a-service” finds constraints in the lack of 
customer commitment to be careful and responsible with their 
usage, particularly when they do not have product ownership. 
This has also led to a lack of exploration on potential cost 
models that warranty economic benefits to the company.  
Questions regarding the usage of digital technologies such 
as UX for customer visualization are still in early-stages and 
have not yet been explored. Information obtained from sensors 
and Internet of Things technologies provide highly valuable 
information. Today, this scenario is still in future plans.  
6.2  CLPSS MoL  
This lifecycle stage constantly represents a challenge,           
due to the fact that the elevated maritime distances represent 
high-costs and expenses. Nevertheless, communication with 
customers and visualization of the CLPSS usage can represent 
highly-valued data. So, this opportunity still is in the first stages            
of development. However, data acquisition would aid in the 
planning of preventive maintenance and in the identification            
of factors that cause failures and damages in the boat. 
Maintenance is an opportunity area for new revenue streams   if 
customer’s mindset evolves altogether with the business 
model. Further exploration is needed. 
6.3  CLPSS EoL 
This point changes abruptly from client to client. There is a 
lack of information on regular boat use from past clients due            
to the limited existent communication. 
7.  Conclusions & Future Research 
The Circular Lean PSS vision represents a challenge in 
terms of PSS design. Through the last couple of decades,                
a considerable number PSS design models were proposed by 
literature. However, it is essential to understand the interaction  
and compatibility between the (circular) product and its value -
added services. With the consideration of Circular Economy 
principles, this understanding transforms into a strong PSS 
requirement for designers and engineers. 
In today’s perception of CLPSS, it is essential to break 
barriers found between PLM and SLM and integrate them into 
a holistic enterprise-oriented PSS development and management 
process. Nonetheless, a small number of documented approaches 
have been proposed in order to find and visualize interactions 
between this two essential processes [36] [37]. 
It is necessary to take a deeper look in the possibilities that 
Circular Lean PSSs can provide to organizations, in any scale. 
There is still a lack of systematic integration in the existing 
elements which consist of principles, methods and tools. Also, 
this research strives to motivate companies to explore and 
analyse the possibilities that could be achieved through CLPSS. 
This research work aimed to analyse the challenges              
and constraints of the implementation of a CLPSS Design 
Framework from an industrial point of view. Challenges are 
mainly focused on available technologies, as companies are 
restricted by the risks they are willing to take. Based on these 
decisions, cost calculation is a relevant point to consider. 
However, this  point should not be considered as a demotivator,  
but as a challenge that can be conquered with the correct team,              
as researchers and practitioners have proposed creative and 
valuable solutions [38] [39]. 
Further research is recommended in the implementation of 
the proposed CLPSS Design Framework in other sectors of 
industry. Also, the design process should be fully validated, by 
analysing every suggested tool in every stage of the CLPSS 
Design Framework. 
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Although some literature highlights a limited availability of 
methodological tools for sustainable PSS, other researchers 
propose frameworks or ontological models that aim to provide 
evidence of “circularity” achievement through “servitization” 
revenue models. So is the case of a collaborative platform for 
users and engineers which was recently proposed to address 
special manufacturing needs [33]. This multisensorial system 
provides inputs for KPIs calculations that would manage 
information of the middle- and end-of- a product lifecycle 
based on its characteristics [33]. 
5.  CLPSS Design Framework 
The development of a CLPSS Design Framework follows 
the traditional PLM lifecycle stages division of a) Beginning-
of-Life (BoL), b) Middle-of-Life (MoL), and c) End-of-Life 
(EoL). 
The first lifecycle stage, BoL, is where the PSS is imagined 
and the tangible part, the product, is manufactured. The CLPSS 
Design Framework proposes three internal steps: i) CLPSS 
Requirement Analysis, ii) CLPSS Ideation & Design, and             
iii) CLPSS Engineering & Manufacturing (see Fig. 2). 
 
 Fig. 2. CLPSS Beginning of Life 
 
The second lifecycle stage, MoL, makes reference to those 
steps where the CLPSS is in its usage stage and in direct contact 
with the customer. This stage includes two internal steps:                       
i) CLPSS Delivery, ii) and CLPSS Maintenance & Upgrading 
(see Fig. 3). In the third lifecycle stage, EoL, the CLPSS                  
has lost its first-intended purpose and planned usefulness.                   
It includes only one internal step, defined as: CLPSS Product 
& Spare-parts Recovery (see Fig. 4).  
 
 Fig. 3. CLPSS Middle of Life 
 
According to the IDEF0 methodology, inputs to the system 
are indicated through arrows on the left side of the stages, 
represented as boxes. Arrows that appear on the upper side             
of the boxes are showing the controls of the system. Arrow 
entries appearing on the lower part of the boxes show 
resources. Finally, arrows on the right part of boxes indicate 
outputs of each stage. 
 Fig. 4. CLPSS End of Life 
Each of the following boxes show a set of principles, 
methods and tools that result from the literature review and are 
suggested to become beneficial in the design of a CLPSS.             
This framework aims to integrate holistically these concepts 
into a first attempt of successful design a CLPSS Framework.  
6.  Case Studies 
In Section 5, a first design framework for CLPSS is proposed. 
Linking this proposal to real industrial applications increases 
its value, and provides insights about the feasibility of its 
implementation. Access to data and industrial contacts from the 
LINCOLN project was possible through collaboration between 
Politecnico di Milano & Tecnológico de Monterrey universities. 
The European Commission (EC) is deeply interested in          
the development of smart, sustainable and inclusive growth  to 
defeat structural opportunity areas within European’s economy. 
Towards the achievement of this goal, the Agenda of Europe 
2020 was proposed for the improvement in competitiveness 
and productivity for a sustainable social market economy [34]. 
Based on this statement and objectives, the Horizon 2020 
programme was created. This initiative is the biggest European 
Union Research and Innovation programme proposed in 
history with billionaire funding available and strong linkage to 
private investment. Through this incentives, the EC aims to 
promote the migration of knowledge from labs and educational 
institutions to the direct application in market and industry [34]. 
LINCOLN project is a research project funded by this 
Horizon 2020 initiative and it has an established duration of             
36 months, which run from October 2016 to September 2019. 
This project is part of the Blue Growth long-term strategy to 
support sustainable growth in the marine and maritime sectors 
and proposes the use of innovative design methods and tools for 
the development of three types of new vessel concepts through 
dynamic simulation testing. For the successful development of 
the three main vessels (i.e. Multi-platform Catamaran, a Module- 
based High-Speed Patrol Boat Platform, and an Emergency 
Response and Recovery Vessels series for Coastal Rescue 
Activities). LINCOLN project will use a Lean Fact-based 
Design Model approach, IT customized tools and High-
Performance Computing and Simulating [35].  
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and compatibility between the (circular) product and its value -
added services. With the consideration of Circular Economy 
principles, this understanding transforms into a strong PSS 
requirement for designers and engineers. 
In today’s perception of CLPSS, it is essential to break 
barriers found between PLM and SLM and integrate them into 
a holistic enterprise-oriented PSS development and management 
process. Nonetheless, a small number of documented approaches 
have been proposed in order to find and visualize interactions 
between this two essential processes [36] [37]. 
It is necessary to take a deeper look in the possibilities that 
Circular Lean PSSs can provide to organizations, in any scale. 
There is still a lack of systematic integration in the existing 
elements which consist of principles, methods and tools. Also, 
this research strives to motivate companies to explore and 
analyse the possibilities that could be achieved through CLPSS. 
This research work aimed to analyse the challenges              
and constraints of the implementation of a CLPSS Design 
Framework from an industrial point of view. Challenges are 
mainly focused on available technologies, as companies are 
restricted by the risks they are willing to take. Based on these 
decisions, cost calculation is a relevant point to consider. 
However, this  point should not be considered as a demotivator,  
but as a challenge that can be conquered with the correct team,              
as researchers and practitioners have proposed creative and 
valuable solutions [38] [39]. 
Further research is recommended in the implementation of 
the proposed CLPSS Design Framework in other sectors of 
industry. Also, the design process should be fully validated, by 
analysing every suggested tool in every stage of the CLPSS 
Design Framework. 
 
Acknowledgements 
 
The content of the case studies presented in this paper is based 
on the LINCOLN project (EU H2020 – G.A. 727982), which              
is currently under development (www.lincolnproject.eu). We 
wish to express our deep gratitude to all LINCOLN partners. 
The authors would like to also acknowledge the collaboration 
between ITESM and Politecnico di Milano, which supported 
this research work. Furthermore, part of this research work,  
and its further development, has been carried out within the 
Sustainable Production Initiative of the Production Area of 
Advance at Chalmers University of Technology. All support is 
gratefully acknowledged. 
 
References  
 
[1] Reim, W, Parida, V, Örtqvist, D. Product–Service 
Systems (PSS) Business Models and Tactics – A 
Systematic Literature Review. J. Clean. Prod., vol. 97,  
pp. 61-75; 2015. 
[2] Tukker A, Tischner, U. Product-Services as a Research 
Field: Past, Present and Future. Reflections from a 
Decade of Research. J. Clean. Prod., 14(17):1552-1556; 
2006. 
[3] Hobson, K. Closing the loop or Squaring the Circle? 
Locating Generative Spaces for the Circular Economy. 
Prog. Hum. Geogr., 40(1):88-104; 2016. 
[4] Romero, D, Rossi, M. Towards Circular Lean Product-
Service Systems. Procedia CIRP, vol. 64, pp. 13-18; 2017. 
4 / Procedia CIRP 00 (2019) 000–000 
Although some literature highlights a limited availability of 
methodological tools for sustainable PSS, other researchers 
propose frameworks or ontological models that aim to provide 
evidence of “circularity” achievement through “servitization” 
revenue models. So is the case of a collaborative platform for 
users and engineers which was recently proposed to address 
special manufacturing needs [33]. This multisensorial system 
provides inputs for KPIs calculations that would manage 
information of the middle- and end-of- a product lifecycle 
based on its characteristics [33]. 
5.  CLPSS Design Framework 
The development of a CLPSS Design Framework follows 
the traditional PLM lifecycle stages division of a) Beginning-
of-Life (BoL), b) Middle-of-Life (MoL), and c) End-of-Life 
(EoL). 
The first lifecycle stage, BoL, is where the PSS is imagined 
and the tangible part, the product, is manufactured. The CLPSS 
Design Framework proposes three internal steps: i) CLPSS 
Requirement Analysis, ii) CLPSS Ideation & Design, and             
iii) CLPSS Engineering & Manufacturing (see Fig. 2). 
 
 Fig. 2. CLPSS Beginning of Life 
 
The second lifecycle stage, MoL, makes reference to those 
steps where the CLPSS is in its usage stage and in direct contact 
with the customer. This stage includes two internal steps:                       
i) CLPSS Delivery, ii) and CLPSS Maintenance & Upgrading 
(see Fig. 3). In the third lifecycle stage, EoL, the CLPSS                  
has lost its first-intended purpose and planned usefulness.                   
It includes only one internal step, defined as: CLPSS Product 
& Spare-parts Recovery (see Fig. 4).  
 
 Fig. 3. CLPSS Middle of Life 
 
According to the IDEF0 methodology, inputs to the system 
are indicated through arrows on the left side of the stages, 
represented as boxes. Arrows that appear on the upper side             
of the boxes are showing the controls of the system. Arrow 
entries appearing on the lower part of the boxes show 
resources. Finally, arrows on the right part of boxes indicate 
outputs of each stage. 
 Fig. 4. CLPSS End of Life 
Each of the following boxes show a set of principles, 
methods and tools that result from the literature review and are 
suggested to become beneficial in the design of a CLPSS.             
This framework aims to integrate holistically these concepts 
into a first attempt of successful design a CLPSS Framework.  
6.  Case Studies 
In Section 5, a first design framework for CLPSS is proposed. 
Linking this proposal to real industrial applications increases 
its value, and provides insights about the feasibility of its 
implementation. Access to data and industrial contacts from the 
LINCOLN project was possible through collaboration between 
Politecnico di Milano & Tecnológico de Monterrey universities. 
The European Commission (EC) is deeply interested in          
the development of smart, sustainable and inclusive growth  to 
defeat structural opportunity areas within European’s economy. 
Towards the achievement of this goal, the Agenda of Europe 
2020 was proposed for the improvement in competitiveness 
and productivity for a sustainable social market economy [34]. 
Based on this statement and objectives, the Horizon 2020 
programme was created. This initiative is the biggest European 
Union Research and Innovation programme proposed in 
history with billionaire funding available and strong linkage to 
private investment. Through this incentives, the EC aims to 
promote the migration of knowledge from labs and educational 
institutions to the direct application in market and industry [34]. 
LINCOLN project is a research project funded by this 
Horizon 2020 initiative and it has an established duration of             
36 months, which run from October 2016 to September 2019. 
This project is part of the Blue Growth long-term strategy to 
support sustainable growth in the marine and maritime sectors 
and proposes the use of innovative design methods and tools for 
the development of three types of new vessel concepts through 
dynamic simulation testing. For the successful development of 
the three main vessels (i.e. Multi-platform Catamaran, a Module- 
based High-Speed Patrol Boat Platform, and an Emergency 
Response and Recovery Vessels series for Coastal Rescue 
Activities). LINCOLN project will use a Lean Fact-based 
Design Model approach, IT customized tools and High-
Performance Computing and Simulating [35].  
 
 
424 Clarissa A. González Chávez  et al. / Procedia CIRP 83 (2019) 419–424
6 / Procedia CIRP 00 (2019) 000–000 
[5] Vandermerwe, S, Rada, J. Servitization of Business: 
Adding Value by Adding Services. Eur. Manag. J., 6(4): 
314-324; 1988. 
[6] Oliva, R, Kallenberg, R. Managing the Transition from 
Products to Services. Risk Manag. a Serv. Bus., vol. 2, 
pp. 49-65; 1991. 
[7] Ren G., G.M. Servitization in Manufacturing Companies, 
Cranf. Prod. Syst. Semin., pp. 4-7; 2007. 
[8] Beuren, F.H, Gomes Ferreira, M.G, Cauchick Miguel, 
P.A. Product-Service Systems: A Literature Review on 
Integrated Products and Services. J. Clean. Prod., vol. 47, 
pp. 222-231; 2013. 
[9] Annarelli, A, Battistella, C, Nonino, F. Product-Service 
System: A Conceptual Framework from a Systematic 
Review. J. Clean. Prod., vol. 139, pp. 1011-1032; 2016. 
[10] Manzini, E, Vezzoli, C, Clark, G. Product-Service 
Systems: Using an Existing Concept as a New Approach 
to Sustainability. J. Des. Res., DOI: 10.1504/JDR.2001. 
009811; 2001. 
[11] Murray, A, Skene, K, Haynes, K. The Circular Economy: 
An Interdisciplinary Exploration of the Concept and 
Application in a Global Context, J. Bus. Ethics, 140(3): 
369-380; 2017. 
[12] Ellen McArthurs Foundation. Circular Economy System 
Diagram. https://www.ellenmacarthurfoundation.org/ 
circular-economy/interactive-diagram/ 
[13] Catulli, M, Dodourova, M. Innovation for a Circular 
Economy: Exploring the Product Service Systems 
Concept. Procs. XXIV ISPIM Conf. – Innovating in 
Global Markets, no. June, pp. 1-19; 2013. 
[14] Ohno, T. Toyota Production System: Beyond Large-
Scale Production; 1988. 
[15] Womack, J.P, Jones, D.T. Lean Thinking: Banish Waste 
and Create Wealth in Your Corporation. New York, NY: 
Simon & Schuster; 1996.  
[16] Shah, R, Ward, P.T. Defining and Developing Measures 
of Lean Production. J. Oper. Manag., 25(4):785-805; 
2007. 
[17] Peters, L, Peters, J. Using IDEF0 for Dynamic Process 
Analysis. . Procs. Int’l. Conf. Robotics and Automation, 
vol. 4, pp. 3203-3208; 1997. 
[18] Baines, T.S. et al. State-of-the-Art in Product-Service 
Systems. Proc. Inst. Mech. Eng. Part B J. Eng. Manuf., 
221(10):1543-1552; 2007. 
[19] Boehmm, M, Thomas, O. Looking Beyond the Rim of 
One’s Teacup: A Multidisciplinary Literature Review              
of Product-Service Systems in Information Systems. 
Business Management, and Engineering & Design.                   
J. Clean. Prod., vol. 51, pp. 245-250; 2013. 
[20] Vasantha, G, Roy, R, Lelah, A, Brissaud, D. A Review of 
Product-Service Systems Design Methodologies. J. Eng. 
Des., 23(9):635-659; 2012. 
[21] Li, A.Q, Found, P. Lean and Green Supply Chain for the 
Product-Services System (PSS): The Literature Review 
and A Conceptual Framework. Procedia CIRP, vol. 47, 
pp. 162-167; 2016. 
[22] Resta, B, Powell, D, Gaiardelli, P, Dotti, S. Towards a 
Framework for Lean Operations in Product-oriented 
Product-Service Systems. CIRP J. Manuf. Sci. Technol., 
vol. 9, pp. 12-22; 2015. 
[23] Sassanelli, C, Pezzotta, G, Rossi, M, Terzi, S, Cavalieri, 
S. Towards a Lean Product-Service Systems (PSS) 
Design: State of the Art, Opportunities and Challenges. 
Procedia CIRP, vol. 30, pp. 191-196; 2015. 
[24] Vignesh, V, Suresh, M, Aramvalarthan, S. Lean in 
Service Industries: A Literature Review. IOP Conf. Ser. 
Mater. Sci. Eng., 149(1):1-10; 2016. 
[25]  Huang, Y.C, Tu, J.C, Hung, S.J. The Impact Factors of 
Sustainable Design and Development for Plastic Mold on 
Product Servitization. Procs. IEEE Int’l. Conf. Advanced 
Materials for Science & Engineering: Innovation, Science 
and Engineering, IEEE-ICAMSE, pp. 62-64; 2016. 
[26] Mont, O, Dalhammar, C, Jacobsson, N. A New Business 
Model for Baby Prams based on Leasing and Product 
Remanufacturing. J. Clean. Prod., 14(17):1509-1518; 
2006. 
[27] Petersen, T.B, Riisberg, V. Cultivating User-ship? 
Developing a Circular System for the Acquisition and 
Use of Baby Clothing. Fash. Pract., 9(2):214-234; 2017. 
[28]  Sun, J, Chai, N, Pi, G, Zhang, Z, Fan, B. Modularization 
of Product-Service System based on Functional 
Requirements. Procedia CIRP, vol. 64, pp. 301-305; 
2017. 
[29]  Pascual, R, Siña, M, Santelices, G, Román, M, Droguett, 
E.L. Optimal Channel Coordination in Use-based 
Product-Service System Contracts,” Int. J. Prod. Res., 
55(23):6946-6956; 2017. 
[30] Mourtzis, D, Fotia, S, Vlachou, E. Lean Rules Extraction 
Methodology for Lean PSS Design via Key Performance 
Indicators Monitoring. J. Manuf. Syst., vol. 42, pp. 233-
243; 2017. 
[31] Li, A.Q, Found, P. Towards Sustainability: PSS, Digital 
Technology and Value Co-creation. Procedia CIRP, vol. 
64, pp. 79-84; 2017. 
[32] Corvellec, H, Stål, H.I. Evidencing the Waste Effect              
of Product-Service Systems (PSSs). J. Clean. Prod.,              
vol. 145, pp. 14-24; 2017. 
[33] Matsas, M, Pintzos, G, Kapnia, A, Mourtzis, D. An 
Integrated Collaborative Platform for Managing Product-
Service Across their Life Cycle. Procedia CIRP, vol. 59, 
no. TESConf 2016, pp. 220-226; 2017. 
[34] European Commission. Europe 2020 Strategy; 2018.  
https://ec.europa.eu/info/business-economy-
euro/economic-and-fiscal-policy-coordination/eu-
economic-governance-monitoring-prevention-
correction/european-semester/framework/europe-2020-
strategy_en 
[35] LINCOLN project – https://www.lincolnproject.eu 
[36] Westphal, I, Freitag, M, Thoben, K.-D. Visualization of 
Interactions between Product and Service Lifecycle 
Management. vol. 460, pp. 575-582; 2015. 
[37] Wiesner, S, Freitag, M, Westphal, I, Thoben, K.-D.  
Interactions between Service and Product Lifecycle 
Management. Procedia CIRP, vol. 30, pp. 36-41; 2015. 
[38] Erkoyuncu, J.A, Roy, R, Shehab, E, Wardle, P. 
Uncertainty Challenges in Service Cost Estimation for 
Product-Service Systems in the Aerospace and Defence 
Industries. Proc. 1st CIRP Ind. Prod. Syst. Conf.,              
no. April, p. 200; 2009. 
[39] Estrada A, Romero, D. Towards a Cost Engineering 
Method for Product-Service Systems based on a System 
Cost Uncertainty Analysis. Procedia CIRP, vol. 47,              
pp. 84-89; 2016. 
